Abstract In this paper, an N-doped titanium oxide (TiO2) photocatalyst is deposited by a plasma-enhanced atomic layer deposition (PEALD) system through the in-situ doping method. X-ray photoelectron spectroscopy (XPS) analysis indicates that substitutional nitrogen atoms (∼395.9 eV) with 1 atom% are effectively doped into TiO2 films. UV-VIS spectrometry shows that the in-situ nitrogen doping method indeed enhances the visible-activity of TiO2 films in the 425-550 nm range, and the results of the performance tests of the N-doped TiO2 films also imply that the photocatalysis activity is improved by in-situ doping. The in-situ doping mechanism of the N-doped TiO2 film is suggested according to the XPS results and the typical atomic layer deposition process.
Introduction
Since the discovery of the photocatalytic properties of TiO 2 , there has been increasing scientific interest in the subject [1] . However, the high photocatalytic activity of TiO 2 is only shown under UV light (λ < 380 nm) due to its large band gap energy of 3.0-3.2 eV. For better utilization of indoor and outdoor lighting, several modifications of TiO 2 have been attempted, including oxygen deficient TiO 2 [2] , composite materials with a smaller band gap semiconductor [3] , cation-doped TiO 2 [4] or anion-doped TiO 2 [5] . Doping with nitrogen is found to be the most effective way to achieve visible-activity in TiO 2 . Calcinations [6] , sputtering [7] , ion implantation [8] , annealing under ammonia gas [9] , hydrothermal [10] and electrochemistry methods [11] have been used to prepare these N-doped TiO 2 films.
Atomic layer deposition (ALD) is a gas-phase selflimiting film growth process based on alternate saturative surface reactions. A typical ALD growth process is divided into four steps: a. a precursor is injected into the growth chamber, and a single monolayer is formed after the precursor reacts with the substrate in ideal situations; b. the chamber is purged with inert gas to remove the excess reactant; c. a second precursor is injected into the chamber and reacted with the first precursor, which has been deposited on the substrate surface; and d. a second purge removes the excessive reactant and inert gas. Closed-loop repetitions of the four basic steps result in a self-limiting film growth that has many advantages, including good reproducibility, excellent conformality and uniformity over the whole substrate surface, and accurate control of film thickness and composition. In an ideal ALD process, the film thickness depends only on the number of deposition cycles, and the composition can be controlled by varying the pulsing sequence of the desired precursors. Accurate control of film composition could make ALD a powerful tool in preparing different kinds of doped photocatalyst thin films.
Pore [12] successfully prepared N-doped TiO 2 films by ALD. The deposition sequence consisted of two repeating cycles. During the first cycle, a thin layer of TiO 2 was deposited from TiCl 4 and H 2 O. In the second cycle, TiN was grown from TiCl 4 and NH 3 . However, the reducing property of NH 3 will increase the amount of oxygen vacancies and then lower the photocatalytic activity of N-doped TiO 2 .
In this work, N-doped TiO 2 film was firstly deposited by a plasma-enhanced ALD system (PEALD) through the in-situ doping method. PEALD has the advantage of activating inert precursors by plasma discharge, and the in-situ doping process can directly modify the surface of the film. The photocatalytical activities and in-situ doping mechanism of the N-doped TiO 2 films are studied.
Experiment
2.1 Preparation of N-doped TiO 2 films N-doped TiO 2 films were grown on n-type Si (100) substrate at 300 o C in a self-made PEALD system. A schematic drawing of the ALD system is shown in Fig. 1 . TiCl 4 and H 2 O vapors were used as the precursor of titanium and oxygen for the growth of TiO 2 , respectively. N 2 (99.999%) was used as the carrier/purging and plasma gas. After being ionized by plasma, the nitrogen ions were used as the precursor of nitrogen for the growth of N-doped TiO 2 . The periodical growth cycle included a TiCl 4 pulse, a reaction process, an N 2 plasma pulse, a H 2 O pulse and a reaction process. The time intervals were 0.5, 2, 1, 0.1 and 2 s, respectively, and the N 2 plasma pulse could realize the in-situ doping process. There were 300 reaction cycles for each experiment. The deposition pressure was 250 Pa and the flowing rates of the carrier/purging and plasma gas were 15 sccm and 4 sccm, respectively. 
Characterization
The chemical composition of the TiO 2 films was investigated by X-ray photoelectron spectroscopy (XPS) employing a KRATOS AXIS ULTRA DLD spectrometer (Al Kα X-ray). The spectra were calibrated with respect to the C 1s peak resulting from the adventitious hydrocarbon at the energy of 284.8 eV.
The film thickness was examined using TECNAI G2 S-TWIN F20 transmission electron microscopy (TEM). A Cary 5000 UV-VIS spectrophotometer was used to obtain the optical absorption spectra.
Photoactivity experiment
The water contact angles were measured with a contact angle measuring system Dataphysics (OCA-20). An 8 W UV lamp (245 nm, 0.95 mW/cm 2 ) and a fluorescent lamp (40 W, 1 mW/cm 2 ) were used as the UV and visible-light irradiation sources, respectively. The distance of the films from the lamp was 10 cm.
Photocatalytic activity experiment
The photocatalytic activity of the N-doped and pure TiO 2 films was evaluated by degradating methylene blue (MB) under visible-light irradiation. The TiO 2 flakelets were put into beakers filled with 20 mL, 10 mg/L MB water solution, 2 mm from the liquid surface. A fluorescent lamp (100 W, 3 mW/cm
2 ) with an optical high-path filter was used as the visible-light irradiation source, with a 5 cm distance to the flakelets. At a defined time interval, the concentration of MB in the photocatalytic reaction was analyzed at 665 nm using the Cary 5000 UV-VIS spectrophotometer.
3 Results and discussion
XPS spectra analysis
The surface atomic composition and bonding state of the N-doped TiO 2 films deposited at different plasma powers were investigated by XPS spectra analysis, as shown in Fig. 2 . The results in Fig. 2A indicate that the N-doped TiO 2 films are mainly composed of Ti, O and C elements. The atomic contents of nitrogen in the films deposited at plasma powers of 25 and 50 W are estimated to be 0.55 atom% and 1.52 atom%, respectively. A small nitrogen peak located at ∼400 eV could be observed only in the XPS survey spectra of the film deposited at a plasma power of 50 W. The N 1 s XPS spectra shown in Fig. 2B can further explain the bonding states of nitrogen in the N-doped TiO 2 films. The broad peaks located at 400-402 eV are derived from the molecularly chemisorbed nitrogen, and the peaks located at ∼395.9 eV are assigned to substitutional nitrogen atoms in the TiO 2 lattice [6] . The intensity of the ubstitutional nitrogen atoms deposited at the plasma power of 50 W was much stronger than that deposited at 25 W, which suggests that substitutional nitrogen is effectively incorporated into TiO 2 lattices. The content of substitutional nitrogen atoms in the film deposited at 50 W has a proportion of 70.5% (∼1 atom%), which may be the optimal doping content suggested by Cheng [13] . For the Ti 2p spectra, as shown in Fig. 2C , the core level peaks located at 458.4±0.2 eV are attributed to Ti 4+ in pure TiO 2 films [6] , and no apparent Ti 3+ states were detected in these spectra. For the O 1s spectra, as shown in Fig. 2D , only the peaks at 529.7±0.1 eV can be interpreted as bulk oxygen in TiO 2 [6] . The peaks at ∼531.6 eV, always regarded as the existence of surface hydroxyl groups [7] , disappeared. This suggests that the O structures on the surfaces of TiO 2 films could also be modified by nitrogen plasma. With the increase in plasma power from 25 W to 50 W, the Ti 2p and O 1s peaks in the N-doped TiO 2 films were all gradually shifted to lower binding energies, indicating that the nitrogen dopants will disrupt the lattice of the pure TiO 2 films, and also proving that the Ti-O structures are not the only ones existing in the TiO 2 films. From the XPS results, it could be deduced that the N-doped TiO 2 film is successfully deposited by PEALD at the plasma power of 50 W.
Fig.2 The XPS of the N-doped TiO2 film (A) whole, (B) N 1s, (C) Ti 2p, and (D) O 1s. (a)
The film deposited at a plasma power of 25 W, and (b) the film deposited at a plasma power of 50 W
TEM analysis
The cross-section of the N-doped TiO 2 film deposited at the plasma power of 50 W is shown in Fig. 3 . The film has a thickness of about 16.5 nm, which is considered as the optimal thickness to measure the photoactivity and photocatalytic activity [14] . 
UV-VIS spectra analysis
The optical absorption spectra of the pure TiO 2 film and the N-doped TiO 2 film deposited at the plasma power of 50 W are shown in Fig. 4 . It is found that the N-doped TiO 2 film showed a higher absorbance at 400-550 nm, whereas the pure TiO 2 film did not, which suggests that the nitrogen doping indeed enhances the visible-activity of the TiO 2 films. What's more, the absorbance of the N-doped TiO 2 film at 250-365 nm was as high as that of the pure TiO 2 film, which indicates that the nitrogen doping process does not deteriorate the original performance of the TiO 2 films [15, 16] . 
Photoactivity analysis
Water contact angle measurements were carried out to diagnose the photoactivity of the pure and N-doped TiO 2 films deposited at the plasma power of 50 W. The variation in the water contact angles of the films irradiated by UV and visible light as a function of time is shown in Fig. 5 . Under UV light irradiation, the water contact angles of the pure and N-doped TiO 2 films had the same variation tendency due to their similar optical absorbance at the wavelength of 245 nm, as shown in Fig. 4 . And only about 20 min of irradiation was needed to decrease the water contact angles to 5 o or lower. The contact angle was maintained at 8 o -10 o about 72 hours after stopping UV irradiation. Under visible-light irradiation, the N-doped TiO 2 film required about 60 min to drop to the same level, which is much longer than that irradiated under UV light, but the contact angle was maintained at ∼5 o about 72 hours after stopping visible-light irradiation. On the contrary, the pure TiO 2 film did not turn superhydrophilic during the 60 min of irradiation, although its contact angle did decrease. From these results, it is obvious that nitrogen doping can surely enhance the photoactivity of the TiO 2 film in the visible-light region.
Photocatalytic activity analysis
The photocatalytic activity of the films was evaluated using the MB degradation test under visible-light irradiation, and the results are shown in Fig. 6 . From the results, a conclusion can be drawn that the N-doped TiO 2 thin film has a better visible-activity than that of the pure TiO 2 film, which is consistent with the theoretical analysis of Asahi [15] . Fig.5 The variation in the water contact angles on pure and N-doped TiO2 films irradiated by UV and visible light as a function of time The improvement in the photocatalytic activity of the N-doped TiO 2 film deposited by PEALD through the in-situ doping method can be inferred as follows. After the first step, TiCl 3 structures will be formed on the substrate surface, as shown in Fig. 7(a) . During the nitrogen plasma treating process, the substrate is immersed in an atmosphere of nitrogen ions. These nitrogen ions will attack the TiCl 3 structures coercively, and parts of nitrogen ions with suitable energy will be incorporated onto the surface successfully, as shown in Fig. 7(b) . This process is the so-called "in-situ doping", and Ti-N bonds will be directly formed in this process. In a pulse of H 2 O, the surface will go onto the next step and form a Ti-O bond, as shown in Fig. 7(c) . The above steps can constitute an ALD cycle. After one cycle, an N-doped TiO 2 monolayer could be grown. At any cycle, the contents of the incorporated nitrogen atoms are well-proportioned due to the same reaction process taking place on the substrate surface. A few cycles later, uniform doping will be achieved on each surface layer. Due to the uncontrollability of the composition of the nitrogen ions, Ti-N and O-N-Ti structures may co-exist in the films, but together they are responsible for the elevation of photocatalysis. 
Conclusions
A simple in-situ doping method was successfully used to deposit N-doped TiO 2 films by PEALD using N 2 as the carrier/purging and plasma gas. XPS analysis indicates that about 1 atom% substitutional nitrogen atoms, which are indispensable to the visible-light response, were doped into TiO 2 films at a plasma power of 50 W. The water contact angle tests verified that the introduction of nitrogen atoms into the TiO 2 films extended the absorption spectrum of the TiO 2 films to 550 nm. The methylene blue degradation tests further proved that the substitutional nitrogen atoms effectively elevate the photocatalytic activity of the TiO 2 films in the visible-light region. By analyzing the reaction process, it can be deduced that PEALD could take advantage of the inert gas and overcome the drawbacks of the classic ALD system when the N-doped thin films were deposited, which had no appropriate nitrogen precursor to use. This in-situ doping method is a simple and economical approach to improving the photocatalytic performance of TiO 2 -related materials.
